ETASTATIC brain tumors are diagnosed in nearly 150,000 patients annually in the US, arising in 10 to 40% of patients with cancer. 15 The most common primary sources of brain metastases are lung (17%), renal cell (10.5%), and breast (5.2%) cancer and melanoma (8%). 31 With the increase in the early detection of primary tumors and longer survival in patients with cancer, the incidence of brain metastases is rising. Improvements in imaging quality and accessibility have also contributed to the increased number of patients in whom metastasis is diagnosed. Modern imaging technology can detect smaller lesions, allowing for earlier intervention than was possible in the past and perhaps increasing the opportunity to control CNS disease. The majority of patients who have local CNS tumor control die of extracranial disease progression, whereas those with uncontrolled brain metastases more often die of neurological causes. Therefore, achieving local control is of primary importance when considering treatment options in patients with brain metastases.
ETASTATIC brain tumors are diagnosed in nearly 150,000 patients annually in the US, arising in 10 to 40% of patients with cancer. 15 The most common primary sources of brain metastases are lung (17%), renal cell (10.5%), and breast (5.2%) cancer and melanoma (8%). 31 With the increase in the early detection of primary tumors and longer survival in patients with cancer, the incidence of brain metastases is rising. Improvements in imaging quality and accessibility have also contributed to the increased number of patients in whom metastasis is diagnosed. Modern imaging technology can detect smaller lesions, allowing for earlier intervention than was possible in the past and perhaps increasing the opportunity to control CNS disease. The majority of patients who have local CNS tumor control die of extracranial disease progression, whereas those with uncontrolled brain metastases more often die of neurological causes. 2 Therefore, achieving local control is of primary importance when considering treatment options in patients with brain metastases. 42 Because of its less invasive nature and apparent effectiveness for metastatic disease, stereotactic radiosurgery is chosen over resection with increasing frequency. However, surgical removal is a mainstay in the treatment of brain metastases. Advances in surgical techniques permit resection with decreasing morbidity, thus making resectable certain metastases that were previously considered unresectable. Such advances improved surgical access to metastases and allowed more aggressive resections with correspondingly low surgical complications and morbidity.
ROLE OF SURGERY
The importance of surgery for local control in brain metastases has been confirmed during the past few decades. Previously, WBRT was the mainstay in the treatment of intracranial metastases. Authors of several randomized trials have validated the benefit of surgery. 25, 39 In 1990 Patchell and colleagues 25 randomized 48 patients with single brain metastases to surgery and WBRT (25 patients) compared with WBRT alone (23 patients) and evaluated local recurrence and survival rates. In this study, the addition of surgery reduced the local recurrence in these patients from 52 to 20% (p Ͻ 0.02) and improved median survival from 15 to 40 weeks (p Ͻ 0.001). Patients in the surgery combined with WBRT arm also remained functionally independent for a longer period of time than those treated with WBRT alone (38 weeks compared with 8 weeks; p Ͻ 0.005). This result demonstrated the importance of resection in patients with single metastases. 39 In 1998 Patchell and colleagues 24 investigated the benefit of using WBRT as an adjunctive therapy following surgical tumor removal in these patients. The study randomized 95 patients to surgery alone or surgery plus WBRT. Progression of intracranial disease was fourfold greater in the surgery-alone group (70% compared with 18%, p Ͻ 0.001), and local recurrence was also higher in this group (46% compared with 10%, p Ͻ 0.001). Patients treated with surgery alone received WBRT at the time of CNS disease progression, and so survival data did not reflect the initial randomization of the groups. There was comparable survival between the groups: surgery plus WBRT, median survival 12.0 months; and surgery alone, median survival 10.8 months. These data support the use of WBRT with surgery for improvement in recurrence and local control.
PROGNOSIS OF BRAIN METASTASIS
The overall prognosis of brain metastasis has improved over the past two decades with the use of combined therapy. Table 1 shows a comparison of median survival rates in patients with brain metastases from three large studies in which the authors compared supportive care with radiotherapy alone, surgery alone, and surgery plus WBRT. 34 The first two studies 13, 29 included patients with cerebral metastases from melanoma, and the third study included patients with brain metastases from lung, breast, and melanoma primary tumors. Together, the studies included 3131 patients, and treatment was stratified according to the number of brain metastases, presence and control of extracerebral metastases, and performance status. Regardless of the histological features of the primary tumor, patients who received supportive therapy had median survival times of 1 to 2 months. Radiotherapy improved survival by 3 to 4 months in these patients. Among patients with a single metastasis, those who underwent resection had a 7-to 9-month increase in mean survival, with a modest improvement beyond this point with the addition of radiation therapy. Data from these retrospective studies highlight the importance of treatment and control of local disease with the use of surgery alone or combined with radiotherapy.
RADIOSURGICAL TREATMENT
Radiosurgery has been used for more than 30 years as an alternate treatment to surgery, initially mostly in benign tumors such as meningiomas and vestibular schwannomas. In the past 15 years, it has emerged as an effective and attractive modality for the treatment of brain metastases. The rationale for using radiosurgery rather than WBRT is that a high focal dose of radiation can improve local tumor control while avoiding the potential toxicities of WBRT. Radiosurgery-induced tumor control can be achieved by early effects (apoptosis or mitotic death) or by delayed vascular changes or immune responses. 22 Results from several studies have shown that metastases that are resistant to WBRT (for example, sarcoma, melanoma, and renal cell carcinoma) can be treated with radiosurgery with control rates similar to those for tumors not considered radioresistant. 8, 20, 28, 32, 33 In a multiinstitutional retrospective study, Auchter and colleagues 3 reviewed treatment and survival in 122 patients with resectable single brain metastases that had been treated with radiosurgery and WBRT; these patients were compared with matched cohorts from resection and WBRT arms of randomized controlled trials. The median survival in patients who received radiosurgery was 56 weeks, the local tumor control rate was 86%, and the duration of functional independence (KPS score > 70) was 44 weeks. The local control rate and duration of functional independence were comparable with those in the resection arm of Patchell and colleagues' study: 25 median survival of 40 weeks, local control rate of 80%, and duration of functional independence of 38 weeks. Therefore, radiosurgery plus WBRT yielded results similar to those achieved with surgery plus WBRT while avoiding the risks, discomfort, and recovery periods associated with surgery.
Radiosurgery offers some advantages for the treatment of brain metastases ( Table 2) . It is possible in a single session to treat several metastases by precisely localizing them with the aid of MR imaging or CT scanning. Many brain metastases are small, well-circumscribed spherical lesions found at the gray-white junction. Treatment of brain metastases as distinct targets, without intervening healthy brain tissue, allows delivery of high-dose radiation to the discrete target volume with a sharp falloff at the boundary so that the adjacent normal brain tissue receives a relatively safe dose of radiation. This approach allows delivery of a high dose of radiation to the lesion in a single fraction, something not achieved with WBRT. An additional benefit of radiosurgery is its minimally invasive nature. It can be performed on an outpatient basis and in a single session, with local anesthesia eliminating the need for hospitalization or multiple treatments.
There are some limitations and disadvantages to the use of radiosurgery for brain metastases. No histological diagnosis is illuminated with radiosurgery as there is with resection. Large tumors (typically those > 3 cm in diameter) may not be appropriate for radiosurgery. Furthermore, among patients symptomatic due to mass effect, the lack of relief from mass effect after radiosurgery makes the shortterm survival in these patients even more brief than if they had been treated with resection. Moreover, the potential for increased edema is a concern after radiosurgery, although in many cases tumor death leads to a decrease in edema during the first few weeks after treatment.
SELECTING FOR RESECTION

Patient Age, Functional Status, and Extracranial Disease
Careful selection of patients to undergo resection is important given that surgery is not likely to benefit all patients with cerebral metastases (Table 3 ). The patient must be medically suitable for both surgery and recovery before proceeding with resection, and the disease prognosis should be amenable to benefit from local CNS tumor control. The RTOG has developed an RPA to classify patients statistically by using KPS score, patient age, and status of extracranial disease.
1 These guidelines were developed based on a database of 1200 patients on which an RPA was performed to develop three prognostic classes for patients with multiple brain metastases (note that all patients had an age younger than 65 years, controlled primary disease, and no extracranial metastases): 1) RPA Class I: a KPS score greater than 70 (median survival 7.1 months); 2) RPA Class III: a KPS score less than 70 (median survival 2.3 months); and 3) RPA Class II: all others (median survival 4.2 months). 14 The RTOG database was built from three previous RTOG Phase I/III trials predominantly made up of patients with multiple unresected brain metastases treated with WBRT. In these patients, age, KPS score, and systemic disease were important prognostic factors. Recursive partitioning analysis Class I patients are good candidates for craniotomy and resection, whereas Class III patients are not likely to realize benefit from surgery.
In a large single-institution retrospective study, Lagerwaard et al. 19 reviewed prognostic factors in 1292 patients with CT-diagnosed brain metastases. Age, sex, performance status, number and distribution of metastases, site of primary tumor, histological features, interval between primary tumor occurrence and brain metastases, systemic tumor activity, serum lactate dehydrogenase level, response to steroid treatment, and treatment modality were evaluated in these patients. The median survival was 3.4 months, with 6-month, 1-year, and 2-year survival percentages of 36, 12, and 4%, respectively. Survival was also statistically significantly different among the various treatment modalities, with a median survival of 1.3 months in patients receiving steroids alone, 3.6 months in those receiving radiotherapy, and 8.9 months in those undergoing neurosurgery followed by radiotherapy. Univariate and multivariate analyses were performed to determine significant prognostic factors. Preoperative performance status, symptomatic response to steroid treatment, systemic tumor control, and serum lactate dehydrogenase levels were independent prognostic factors. In patients with primary lung cancer, patient sex was an important prognostic factor as was the interval between primary tumor occurrence and the development of brain metastases in breast cancer.
Tumor Grade and Histological Characteristics
Surgery is often favorable in patients when the histological type of the brain metastasis is unknown and no likely source is identified on staging workup. Tumor histopathology may be important in developing a treatment plan for an individual with brain metastasis given that different histological types have different chemotherapeutic and radiation management options. 6, 18 Tumors such as sarcoma, renal cell carcinoma, and melanoma are considered resistant to WBRT. It has been shown that these tumors respond to radiosurgery as well as more "favorable" histologies. 8, 28, 32, 33 Staging of the tumor with size, location, and metastases and grading of the tumor according to histological findings both allow one to estimate prognosis. For surgery to afford a survival benefit, the life expectancy based on systemic disease should be greater than 3 months. With the advent of new therapies for systemic disease, the long-term survival in patients with cancer, such as those with breast cancer, has improved. Data from several studies have shown that, with surgery plus postsurgical radiotherapy, breast cancer has the best prognosis, 
Single and Multiple Brain Metastases
Since the 1990 study by Patchell and colleagues, surgery for single brain metastases has been the mainstay of treatment. At that time, the presence of multiple brain metastases frequently excluded a patient from surgical consideration because the patient was not expected to survive long enough to realize a benefit from surgery and because adequate resection of tumors was not expected. With improvements in surgical techniques, some lesions that were previously inaccessible are now considered accessible. Pollock and associates 26 reviewed data from 52 patients who had undergone radiosurgery, tumor resection, or both to determine whether properly selected patients with multiple brain metastases could benefit from aggressive treatment of intracranial disease. The median age was 58 years, median KPS score was 90, and median number of tumors was three. On follow up, 20 patients (38%) had tumor progression following radiation, and treatment included resection in 10% (five patients), radiosurgery in 60% (31 patients), and both in 30% (16 patients). The median survival was 15.5 months. Results of multivariate analysis showed that RTOG RPA Class I correlated with improved survival, with patients surviving a median of 19 months. In contrast, patients in Class III survived a mean of 8 months and those in Class II survived a mean of 13 months. Multivariate analysis findings also revealed that patients with radiosensitive tumors (such as those from lung and breast primary sites) had fewer intracranial recurrences compared with patients harboring radioresistant tumors (for example, melanoma, renal, and sarcoma; relative risk 2.43, 95% confidence interval 1.13-5.10, p = 0.02). Authors in this study supported aggressive treatment in RPA Class I and II patients with controlled primary disease and a limited number of metastases. In another study, Bindal et al. 5 performed a retrospective review of 56 patients who had undergone resection of multiple brain metastases. Of these patients, 30 had one or more lesions left unresected (Group A), and 26 underwent resection of all lesions (Group B). Another 26 patients with single metastasis (Group C) were selected to match Group B. The median survival in Group A was 6 months; in Groups B and C, 14 months. Results of statistical analysis showed a significant difference in survival in patients in Group A but not between those in Groups B and C. Similar results were found with regard to local recurrence and symptom relief following surgery. Data in this study demonstrated that it is possible with the use of resection to achieve an improved prognosis in patients with multiple brain tumors. Patients with four or more brain tumors are usually not treated surgically, given the poor prognosis in this situation.
Other Tumor Characteristics Warranting Surgery
Tumor location and size are important in planning treatment in a patient with brain metastases. If there is significant mass effect or if the tumor is indirectly affecting a region of eloquence, the patient may benefit from resection to alleviate mass effect for symptom relief and improvement in quality of life. If a patient has multiple lesions and one dominant lesion causing mass effect that is life threatening or reducing the quality of life, resection of the dominant lesion is preferable. Larger metastases (Ͼ 3 cm) that are surgically accessible are better treated with resection than with WBRT or radiosurgery alone (Fig. 1) . Medically uncontrollable seizures due to brain metastasis are an indication for resection, as surgery can provide seizure relief.
Leptomeningeal Disease
Leptomeningeal carcinomatosis involves diffuse infiltration of leptomeninges by cancer cells and most commonly occurs with lung and breast cancers. The presence of leptomeningeal disease is associated with a poor prognosis. Surgery has not been shown to provide significant benefit in individuals with this disease, and the mainstay in treatment is radiation and intrathecal or systemic chemotherapy. 36 Authors of several studies have shown that the absence of meningeal carcinomatosis on diagnosis is an independent predictor of prolonged survival. 45 
Recurrent Metastases
Surgery has been shown to improve survival and quality of life in patients with recurrent disease. 2, 4 Resection of recurrent tumor also allows confirmation of histopathology and the use of local chemotherapeutic adjuncts such as BCNU wafer implants. It is important to distinguish between actual recurrence and necrosis to plan adjuvant therapy, because an accurate diagnosis based solely on imaging can be difficult.
TECHNIQUES AND GOALS OF SURGERY
Preoperatively, patients should be screened so that surgery is considered in those who are likely to benefit from resection. Patients with a younger age, high KPS score, and limited extracranial disease (RPA Class I) are favorable candidates. Tumor histopathology factors into the determination of the optimal treatment modality, as some tumors are more radiosensitive than others. The number and location of metastases are also important as prognostic markers and affect treatment planning. Contrast or double-contrast MR imaging is more sensitive in detecting small lesions than contrast CT. Computed tomography studies have shown single lesions in up to 50% of patients, with approximately 20% harboring just two lesions. 9 Magnetic resonance imaging studies reveal that only approximately 25 to 33% of patients have truly solitary lesions. 35 Therefore, patients with single lesions on CT scanning may have multiple lesions on MR imaging and should be evaluated with the latter procedure before surgery if possible. It is also important to evaluate all patients considered for surgery medically by obtaining a thorough history and performing a physical examination and preanesthesia evaluation to determine whether the patient has an acceptable risk for surgery. Preoperative steroids (mostly dexamethasone) are given to decrease cerebral edema and for symptomatic relief. The administration of such agents may also help the surgeon to distinguish preoperatively deficits related to the tumor as opposed to those arising from peritumoral edema.
In most cases, the primary goal of surgery is gross-total resection of the tumor with minimal disruption of, or injury to, the brain. In some cases, the additional goals of debulking and relief of mass effect are considered. Data from a retrospective review performed by Korinth et al. 23 in 2002 in patients who had undergone microsurgical tumor removal between 1989 and 1996 showed that the early postoperative KPS score was improved in 59% of patients, unchanged in 32%, and worse in 9%. Results in this study indicate that function is greatly improved, if not preserved, with microsurgical resection. Surgery also allows for histological confirmation of the diagnosis of the brain metastases.
Techniques of resection have greatly improved with the advances in preoperative imaging and image-guided surgery. In fact, image-guided surgery has become routinely used in elective resection of metastatic tumors. 10, 21, 37, 43 Frameless stereotactic guidance has become a standard procedure in most neurosurgical centers. This approach allows for accurate localization of the tumor before surgery to reduce the required craniotomy size, to avert injury to normal brain tissue, and to minimize searching for the tumor during surgery. Many metastatic lesions have a clear textural difference compared with healthy brain tissue, which facilitates dissection of the tumor, but some lesions have indistinct borders. In cases of resection and tumors with cystic components, significant brain shift can occur; in such situations 2D ultrasonography can be helpful in determining the location of tumor, adjacent structures, cystic regions, and margins. 38 Functional MR imaging and electrocortical mapping can also aid in delineating eloquent areas in the brain both preoperatively and intraoperatively. 41 Functional MR imaging maps can be matched and fused with high-resolution MR or CT images to produce neuronavigational images, a process referred to as "functional neuronavigation." No randomized trials or outcome studies have been performed to show the patient benefits of applying preoperative functional MR imaging. The gold standard for mapping remains intraoperative cortical mapping. Using this method of monitoring, it is possible to resect spaceoccupying metastases in the sensorimotor cortex 10 while minimizing deficits. Direct bipolar electrical stimulation of exposed cortex for motor cortex mapping offers more functional information than that obtained through monitoring of cortical somatosensory evoked potentials and phase reversal phenomena. It is also possible to stimulate the white matter tracts directly during resection to monitor the location of critical fiber pathways.
During resection of tumor, one should avoid injury to or disruption of en passage vessels coursing through areas near the tumor and likely perfusing normal brain tissue, although this type of blood vessel is not typically seen. Vessels that are induced by and supplying the tumor can be coagulated and divided.
ADJUNCTS TO RESECTION
In 1998 Patchell and colleagues 24 demonstrated that there is a decrease in the recurrence of intracranial disease in patients treated with WBRT following resection. Data in this study did not demonstrate a definite improvement in survival, although the study was not designed to do so given the crossover of patients from the surgery-alone treatment to (surgery plus) WBRT after the detection of disease progression. Thus, for the control of local disease, it would be beneficial to follow resection with WBRT. This strategy is especially advocated in patients who are unable to undergo enhanced MR imaging following surgery to determine the intracranial tumor burden.
There is some anecdotal evidence that stereotactic radiosurgery applied to the bed of a resected tumor lowers local recurrence. 12 Currently, there are no published data on the effects of radiosurgery following resection of brain metastases. Localized adjuncts such as BCNU wafer implants (Gliadel; Guilford Pharmaceuticals, Inc.) have been used to treat patients undergoing resection of newly diagnosed and recurrent brain metastases. Ninety-three patients with brain metastases (new and recurrent) were studied by three groups. 7, 11, 17 In these three studies, 66 patients received WBRT following resection and wafer placement, 7, 11 and 27 patients in the PROLONG study received no WBRT. 17 During the follow up, there was no local recurrence reported in 91 patients and only two neurologically related deaths. Therefore, data in these studies show that there may be a benefit for local chemotherapy with Gliadel.
POSTOPERATIVE CARE
A contrast-enhanced MR image is obtained, when possible, within 24 to 48 hours of surgery to confirm grosstotal tumor resection. General postoperative care with early mobilization assists in transitioning the patient to rehabilitation care early. Another problem in patients is the presence of peritumoral or postoperative edema. Corticosteroids are effective in reducing the degree of peritumoral vasogenic edema and are usually started preoperatively. Despite the advantages of using steroids acutely, corticosteroids have several undesired effects postoperatively: predisposing to poor wound healing, worsening of glucose control, and immune compromise. Therefore, it is important to wean patients from steroids as early as can be tolerated postoperatively, while considering other metastases that are present, to assist in optimizing overall surgical outcome. 27 Venous thromboembolic disease is a common problem in patients with cancer, occurring in approximately 15%. Patients with metastatic brain tumors appear to be more prone to this complication, probably because they are more likely to be hemiparetic or bedridden. 30 Postoperatively, the maintenance of pneumatic compression boots Seizures are another problem afflicting patients with intracranial metastases. This fact does not justify the prophylactic use of anticonvulsants, especially given that typical anticonvulsant-induced side effects such as cognitive impairment, myelosuppression, liver dysfunction, and dermatological reactions appear to occur in patients with brain tumors more commonly than in other patient groups. After a review of the currently available literature, the American Academy of Neurology 16 found that the administration of anticonvulsants does not offer enough benefit toward the prevention of first seizures to be used routinely in patients with brain tumors. Note, however, that anticonvulsants are commonly given to patients for a short time after craniotomy. If a patient has a documented seizure, it is important to consider the use of antiepileptic medications. If a patient is to undergo chemotherapy, it is important to watch for toxic interactions between these drug classes. 40 Most of the pharmacokinetic interactions between these two drug classes are caused by their shared metabolism by the cytochrome P450 system in the liver. Different drugs cause either the induction or the inhibition of these enzymes. Levetiracetam does not cause the induction or inhibition of the P450 enzyme system or other enzyme systems, it has no active metabolite, and it exhibits almost no protein binding. These factors mean that this drug undergoes no significant interactions with other medications and appears suitable in patients requiring chemotherapy. 40, 44 
CONCLUSIONS
In the management of brain metastasis there are several available treatment modalities. Authors of several studies have introduced the concept of individualizing treatment on the basis of prognostic factors. Tumor staging and grading are important, but the number of lesions is no longer an absolute factor in proceeding with surgery. Combining the modalities of surgery, WBRT, and radiosurgery has improved the outcome in patients with metastatic disease. Surgery continues to be a leading method in the treatment of brain metastases. With improvement in imaging and intraoperative guidance technologies, more tumors are now safely amenable to resection. With the development of new adjuncts such as BCNU wafers, surgical intervention can now be used with local intracranial therapy.
